In this work the new process of producing parboiled rice (PB) 
Introduction
PB producion in the industrial scale around the world can normally be done by wet-heat process. This process mainly consists of soaking, steaming and drying step. In the steaming step, the saturated steam, normally produced by high pressure boiler, is used to gelatinize the rice starch [1] . After steming, the rice starch appears transulance. In addition to the wet heat process, the dry heat process is also used in a small scale factory. By the dry-heat process, hot air or roasting with or without sand is practicall utilized. The later process involves conduction heating of moisten paddy at a higher temperature with shorter drying duration. The starch gelatinization with no retrogradation is specifically found, unlike to the wet heat process, because of the simultaneous rapid loss of water from the paddy during conduction heating was studied by Mahanta and Bhattachaya [2] . Pillaiyar et al. [3] reported that the roasting sand at temperature of 125 o C could get the fully PB but with mild effect. The parboiling became severe at high temperatures. Roasting the soaked paddy at 250 o C could reduce the cooking time of the PB. A sand temperature of 125-150 o C is considered as suitable condition for producing PB by this technique
The wet-heat PB production requires many components such as the boiler, steam pipe and auxiliary devices, while the dry-heat PB process using sand roasting [4] needs to separate the paddy-sand mixture after parboiling. To eliminate the restrictions on the steaming and sand separation in PB production, the MWFB was proposed and investigated. The microwave (MW) drying has been studied by many researchers and applied with many products. But, the work involing with parboiling rice is still limited in the literature. It appears only work reported by Kahyaoglu et al. [5] for parboiling wheat using MW-assisted spouted bed drying. They found that the MW-assisted spouted bed drying at the MW power of 3.5 and 7.5 W/g reduced drying time by at least 60% and 85%, respectively compared to spouted bed drying. As mentioned above, in this work, the new process of producing PB by MWFB was proposed and investigated. In the experiment, the drying kinetics and quality of head rice yield (HRY), the degree of starch gelatinization (DSG), morphology, whiteness value and specific energy consumption (SEC) were investigated.
Materials and Methods

Materials
The Suphanburi 1 paddy variety was stored at ambient air temperature for 6 months. Paddy was soaked at the temperature of 69±1°C for 5 h (47±1% d.b.) and different initial grain temperatures of 32, 55 and 65°C was dried by MWFB and FB dryers. Fig. 1 shows the MWFB dryer. The system consists of a stainless steel cylindrical drying chamber with an inner diameter of 21 cm and height of 80 cm, a 19 kW electric heaters, a backward-curved blade centrifugal fan driven by a 2.2 kW (3 HP) motor and 5 MW magnetrons with each rated at 800 W (2.45 GHz). The magnetrons were installed at 5.5, 11.5, 17.5, 23.5 and 30.0 cm above distributor plate of the drying chamber. 
MWFB dryer
Experimental design
The soaked paddy was dried by MWFB and FB at temperatures of 130, 150 and 170°C with a MW power of 1.6, 2.4 and 4.0 kW. Bed depth of 5 and 10 cm, as well as an inlet superficial air velocity of 4.6 m/s and recycled exhaust air fraction of 0.8 were used. After reaching predetermined drying time, the paddy was taken out from the dryer and the samples were gently dried in shade to obtain a final moisture content of 15±1% d.b. The experiment was performed in duplication. The MC of paddy was determined acording to AACC 1995 [6] method at a temperature of 103±2°C for 72 h. It was done in triplicate and the mean value was reported.
The dried paddy sample (150±1 g) was dehusked using a rubber roll hulling machine (Ngeksenghuat, model P-1, Thailand) and milled rice to remove bran using a miller (Ngeksenghuat, model K-1, Thailand). Whole and broken grains were graded automatically using a cylindrical rice separator (Ngeksenghuat, model I-1, Thailand). The milling test was performed in duplicate and the HRY was calculated by the following equation.
where W hr is mass of head rice sample (g) and W p is mass of paddy sample (g).
Heater
Centrifugal fan The DSG of the rice samples was characterized by the Differential Scanning Calorimeter (DSC) (Perkin Elmer, model DSC-7, USA). A sample was ground into powder and 3 mg rice flour sample was put into an aluminium pan and mixed with 10 mL distilled water. The pan was sealed and kept to equilibrate at room temperature for 1 h. After that, the sample was heated from 40 to 110°C at a scanning rate of 10°C/min. The determinations were done duplication and the DSG was calculated by the following equation.
where ∆H is the enthalpy change of starch in dried rice (J/g dry matter) and ∆H c is the enthalpy change of reference rice starch (J/g dry matter).
The scanning electron microscope (SEM) (JEOL, model JSM-6610LV, Japan) with accelerating voltage 5 kV was used to examine the starch granules morphology. Before test, the sample was attached to an SEM stub and coated by sputter coater (Cressington, model 108 Auto, UK) with a pure copper 99.99% layer. While, the whiteness of rice samples was determined by a Kett digital whiteness meter (model C-300, Japan). Before measuring, the whiteness meter was calibrated with a white colored reference that has a standard value of 86.3. Each measurement was performed in 10 replicates and the mean value was reported.
Results and Discussion
Drying characteristics
The experimental results showed that the bed depth of 5 cm, the grain temperature was significantly higher than that at the bed depth of 10 cm approximated by 5-15 o C. With the MWFB drying, it could reduce MC faster than the FB drying by approximately 2-5% d.b. When the grain gets the MW, the water molecules are rapidly rotated by MW frequencies (2.45 GHz). The heat is rapidly generated, especially in the middle of the paddy grain. As a result, the grain temperature in the MWFB was significantly higher than that of FB about 5-10 o C. The higher grain temperature in the MWFB can accelerate the travel of moisture from the inside to the external, resulting in higher rate of drying [8] .
At the same time, the drying time to reach an intermediate MC of 20±2% d.b. was shorter with smaller bed depth, higher drying temperature and higher MW power, as shown in Fig.  2(a) . Considering the effect of initial grain temperature as shown in Fig. 2(b) , the drying rate for the grain temperature of the paddy sample that had higher initial grain temperature was insignificantly different from that of the sample with lower initial grain temperature although the grain temperature at higher intial grain temperature was higher during drying. This is possibly due to the fact that the moisture movement during drying might be in the liquid form and controlled by liquid diffusion. In the liquid diffusion, the variation of temperature between 32 and 65°C does not provide a big difference of effective diffusion coefficient of water (only 1-2% d.b. moisture difference). 
Degree of starch gelatinization
The use of FB drying at the temperature of 130-170C allowed starch to be gelatinized in a range of 41-65% for initial grain temperatures of 32C and 10 cm bed depth. At this DSG range, the PB is classified as the mildly PB [8] and the kernel that appeared white belly was not found although the starch gelatinization was incomplete. As the soaked paddy was dried at the bed depth of 5 cm, the rice starch was gelatinized in a range of 48-100%, depending on the drying temperature. The FB drying at 170C could produce the severely PB.
As the MW(4.0kW) was combined with FB, the PB dried at the temperature of 150C or higher was designated as severely PB. The complete gelatinization of rice starch was found
with the soaked paddy dried by FB(170C)MW(4.0kW), FB(150C)MW(4.0kW), FB(170C)MW(2.4kW) when the initial grain temperatures of 32, 65 and 65C, respectively, was employed at the bed depth of 10 cm. Also the soaked paddy dried by FB(170C) and FB(170C)MW(4.0kW) at initial grain temperature of 32C and bed depth of 5 cm had complete gelatinization of rice starch as shown in Table 1 . Fig. 3 show the starch granules of the soaked paddy dried by FB(150C) and MW(4.0 kW)FB(150C) with initial grain temperature of 32C, it seem that some starch granules still appeared at the interior of the rice kernel when the soaked paddy dried by FB only whereas the starch granules of the soaked paddy dried by MWFB were smooth with the complete loss of granular morphology of the rice.
Morphology
In case of soaked paddy at the initial grain temperatures of 32 and 55C dried by MW(2.4 kW)FB(170C), some starch granules still appeared at the at the interior of the rice kernel when the soaked paddy dried at initial grain temperature of 32C whereas the starch granules of the soaked paddy dried at initial grain temperature of 55C were smoothest with the complete loss of granular morphology of the rice, indicating the complete starch gelatinization. This is consistent with the result of degree of starch gelatinization. Table 1 shows the HRY of PB produced by MWFB yielded a very small broken kernel (1-2%) after drying with including tempering at the drying temperature above 130C for MW powers of 2.4 and 4.0 kW. The small broken kernel can be attributed to the higher DSG. Hiowever, considering the initial grain temperature effect, this parameter did not much effect on the HRY, the value laying between 68 and 70%. However, the operation of MW(4.0 kW)FB(170C) must be avoided although the starch gelatinization was completed. This is because the grain temperature dried at this condition was raised to 150C causing the grains to be puffed and resulting lower HRY.
Head rice yield
Colour
The whiteness value of PB was decreased with increase in initial grain temperature, drying temperature and MW power and with decreasing bed depth as shown in Table 1 for both tempering and no tempering. The whiteness value of MWFB drying was significantly lower than that of FB drying at the same initial grain temperature, drying temperature and MW power because the paddy grain temperature in the MWFB drying is higher than that of FB drying. The higher grain temperature time more accelerates a higher rate of Maillard reaction [9] . The PB samples that falled in the severely PB category (DSG>70) had yellowish brown colour (Gold parboiled rice), which corresponded to the whitness value of 22-24. When the soaked paddy was dried by at 170 o C, MW power of 4.0 kW and at a bed depth of 5 cm, the product colour was reddish, which was unacceptable in the market.
Specific energy consumption
Considering in Table 1 This SEC was significantly lower than that dried by FB(170 o C)MW(4.0kW) by 57% and less than the SEC from the traditional PB production by 32%. The use of higher initial grain temperature (65 o C) could reduce the MW power to 2.4 kW and the SEC was reduced by 27% as compared to the traditional method
Conclusions
The MWFB could produce PB with a complete degree of starch gelatinization without the need of steam for parboiling rice. This makes it easier to produce PB and reduces the complexity and size of the plant. The production of PB with FB(170 o C) alone at initial grain temperature of 32 o C and bed depth of 5 cm have lower SEC than the traditional PB production by 32%. The increasing initial grain temperature up to 55 and 65°C for soaked paddy dried by FB(170 o C)MW(2.4kW) at the bed depth of 10 cm could reduce the SEC in the production of PB by 27% as compared to the traditional method.
